Human immunodeficiency virus (HIV) type 1 (HIV-1) integrase is an underutilized drug target for the treatment of HIV infection. One limiting factor is the lack of costructural data for use in the rational design or modification of integrase inhibitors. Tn5 transposase is a structurally well characterized, related protein that may serve as a useful surrogate. However, little data exist on inhibitor cross-reactivity. Here we screened 16,000 compounds using Tn5 transposase as the target and identified 20 compounds that appear to specifically inhibit complex assembly. Six were found to also inhibit HIV-1 integrase. These compounds likely interact with a highly conserved region presumably within the catalytic core. Most promising, several cinnamoyl derivatives were found to inhibit HIV transduction in cells. The identification of integrase inhibitors from a screen using Tn5 transposase as the target illustrates the utility of Tn5 as a surrogate for HIV-1 integration even though the relationship between the two systems is limited to the active site architecture and catalytic mechanism.
Human immunodeficiency virus type 1 (HIV-1) integrase (IN) is a high-valued candidate in the search for new targets to treat human immunodeficiency virus (HIV) infection. IN is
responsible for integrating the viral genome into the host, a required step in the viral life cycle (reviewed in references 2, 10, 11, and 19). IN, however, is underutilized for treatment, as only one drug targeting this protein, S-1360, is currently under clinical trials (5) , while a second has recently been shown to be effective for rhesus macaques (25) . Such candidates would be invaluable to complement existing reverse transcriptase and protease inhibitors used in highly active antiretroviral therapy, the multidrug regime that attenuates HIV.
Many compounds have been identified that inhibit IN in vitro. However, few have been identified that are both specific for IN and effective in cell culture (34) . The lack of cocrystal structural information currently available to map critical INinhibitor contacts is one limiting factor in the identification of good drug candidates. This information would aid in the rational design or modification of known IN inhibitors to develop more effective therapeutic agents. To date, only partial IN structures have been solved (6, 7, 9, 18, 21, 22, 27, 28, 40, 42) and only two inhibitor classes, diketo and naphthalene derivatives, have been cocrystallized with members of the IN family (21, 27) .
Due to these constraints, the Tn5 transposase (Tnp) may serve as an excellent surrogate model for IN. Tn5 Tnp is the most extensively structurally characterized member of the Tnp/IN superfamily of proteins (reviewed in references 4 and 13), and although these proteins have low amino acid sequence identity, they share a high degree of structural similarity (4, 7, 15, 18, 36, 40) . The catalytic core of this superfamily exhibits an alpha-beta-alpha fold, where two sets of two alpha-helices flank a region of antiparallel beta sheet. Located within this region are three acidic amino acid residues, known as the DDE motif. These residues are responsible for the divalent metal coordination required for catalysis (15, 31) . An overlay of Tnp and avian sarcoma virus IN crystal structures reveals that the spatial location of these residues within each protein's active site is surprisingly close, with a root mean square deviation of 0.55 Å (16) .
The Tn5 system provides the only protein-DNA costructural information available for this superfamily, making Tn5 Tnp an attractive target for inhibitor development. Furthermore, the identification of compounds that cross-react between systems would suggest a similar mechanism of inhibition. Unfortunately, little data exist on inhibitor cross-reactivity between Tn5 Tnp and HIV-1 IN. Here, we have developed a highthroughput screen to identify compounds that inhibit Tn5 Tnp-DNA complex assembly, representing the first screen targeting this multimeric protein-DNA complex (16, 32, 36, 37, 41) . Since formation of this complex precedes catalysis, inhibitors of this complex would thus inhibit the overall transposition process.
Using this approach, we screened a chemical library for inhibitors of Tn5 Tnp and identified compounds that inhibit both Tn5 Tnp and HIV IN in vitro. Several contain substructures found in known integrase inhibitors, and a few inhibit HIV-1 transduction in cells. These results therefore indicate that Tn5 Tnp can serve as a surrogate for HIV-1 IN. Our results suggest that similar surrogate approaches can be applied for other protein superfamilies, thus allowing one to use the simplest assays and best available structural data for inhibitor development. DNA substrates. The oligonucleotides were purchased high-performance liquid chromatography purified from Integrated DNA Technology. Doublestranded DNA (dsDNA) was formed by adding 2 moles of each oligonucleotide to 10 mM Tris-HCl, pH 7.9, and 10 mM NaCl. The oligonucleotides were either heated to 96°C for 1 minute followed by a decrease in temperature at 0.1°C/s to 4°C or heated to 90°C in a 2-liter water bath and cooled to 8°C overnight. The transferred strand was 5Ј end labeled with either rhodamine green for fluorescence polarization (FP) assays or fluorescein for gel shift assays.
MATERIALS AND METHODS

Compounds
The 19-bp DNA sequences used for FP assays were 5Ј-C TGT CTC TTA TAC ACA TCT-3Ј and its complement. The 40-bp DNA sequences used for the gel shift assays during assay development were 5Ј-C TGT CTC TTA TAC ACA TCT TGA GTG AGT GAG CAT GCA TGT-3Ј and its complement. The 60-bp DNA sequences used for verification of inhibition were 5Ј-GGC CAC GAC ACG CTC CCG CGC TGT CTC TTA TAC ACA TCT TGA GTG AGT GAG CAT GCA TGT-3Ј and its complement.
Tnp and IN purification. The EK54, MA56, and LP372 hyperactive mutant versions of Tnp were used for all assays and are referred to as Tnp throughout this work. Tnp and IN proteins were purified as described previously (3, 38) .
Viruses and cell lines. 293T cells were obtained from the American Type Culture Collection. Ghost-R5 (30) cells were obtained from the NIH AIDS Reagent Repository. HIV-1 single-cycle reporter viruses were produced by cotransfection of 293T cells with pNL4-3.Luc.R-E- (12, 26) and HIV-1 Env expression vector pSV7d-JR.FL (17) .
FP and gel-shift assays. Reactions were performed as described previously (3), except 800 nM Tnp and 160 nM dsDNA were used for complex formation. For FP analysis, 60-l reaction mixtures were analyzed using the FP protocol on a Wallac Victor V plate reader, and a 7% native polyacrylamide gel was used in gel shift assays. For compound screening and subsequent analysis, 1 l of either dimethyl sulfoxide (DMSO) or test compound (final concentration, 80 M) was added to the synapsis reaction mixtures. Compound screening was carried out using a Beckman Coulter Biomek FX in a 384-well format. Compounds identified as hits were rescreened using gel shift assays under synapsis conditions with a 120 M compound concentration. Fifty percent inhibitory concentration (IC 50 ) values were obtained by fitting inhibitor titration data (0, 0.01, 0.05, 0.1, 0.5, 2.5, 10, 20, 35, 50, 100, 200, 400, and 800 M) to an exponential decay.
Inhibition of the restriction enzyme BsmAI was analyzed to determine compound specificity. Reactions were carried out in 2ϫ NEB buffer 3 with 160 nM dsDNA, 10 units of BsmAI (New England Biolabs), and 120 M lead compound. Reaction mixtures were incubated at 55°C for 1 hour followed by a 20-min 80°C heat inactivation step prior to gel electrophoresis. Samples were loaded onto a 9% native polyacrylamide gel and run at 300 V for 2.5 h. Gels were subsequently imaged and quantitated as described for the synapsis assays.
HIV-1 IN assay. HIV-1 integrase activity was measured as described previously (14) , except that 1.0 l of either DMSO or inhibitor was added to the reaction mixtures. Briefly, HIV-1 IN (1 M final concentration) was preincubated with various concentrations of inhibitor at 30°C for 30 min. A 21-base pair 32 P-labeled substrate (10 6 dpm), representing the U5 end of the viral genome, and MnCl 2 (10 mM final concentration) were subsequently added to the reaction mixture. The reaction proceeded for 15 min at 37°C. The reactions were subsequently quenched using EDTA (10 mM final concentration), and the products were separated on a 20% denaturing polyacrylamide gel.
HIV-1 transduction assay and inhibitory screen. Ten thousand Ghost-R5 cells per well were plated in a 384-well plate in 49 l of medium. Eighteen hours after plating, 1 l of inhibitory compound, dissolved in DMSO, was added and gently mixed into the solution. Following a 1-h 37°C incubation, HIV-1 virions were added in a final infectious volume of 100 l. Forty-four to 48 h after infection, 87 l of medium was removed from each well, and 13 l/well of Bright-Glo luciferase detection reagent (Promega) was added. After a 2-min incubation, the plates were read on a multiwell plate luminometer.
Cytotoxicity assay. Cytotoxicity assays were performed exactly as the infection assay described above, except medium without virus was added following compound addition and Cell Titer Glo (Promega) viability reagent was added in place of Bright-Glo.
Quantitative real-time PCR of reverse transcripts, detection of transduction in newly infected cells, and effect of compounds on established provirus expression in stably infected cells. Ten thousand Ghost-R5 cells were plated in 96-well dishes, treated with compound in a total volume of 75 l, and incubated at 37°C for 1 h. Virus was then added in an additional volume of 25 l. The final infectious volume was 100 l, the final DMSO concentration was 1%, and the final compound concentration was as indicated. DNA was harvested using the DNeasy kit (QIAGEN) 24 h after infection in the constant presence of inhibitory compounds. Late DNA products of HIV reverse transcription were quantitated using the primers MH531 and MH532 and the probe LTR-P, as described previously (8) .
In parallel, cells infected with virus and compound were assayed for luciferase expression by the addition of 100 l of Bright-Glo reagent, as described above. In this way, the effect of the inhibitory compounds on luciferase expression brought about by successful transduction was measured in the constant presence of the compounds.
To assess the potential effects of the inhibitory compounds on postintegration events such as transcription, translation, and luciferase enzyme stability and activity, Ghost-R5 cells stably infected several weeks earlier with the same virus preparation were incubated with inhibitory compound in 96-well dishes and luciferase activity was monitored 48 h later by the addition of 100 l of BrightGlo reagent to each well, as described above.
RESULTS
Identification of Tn5 Tnp inhibitors.
We developed an FPbased, Tnp-DNA complex assembly assay to screen small-molecule libraries for inhibition of Tnp-DNA complex formation. In our assay, we monitored the change in polarization of a fluorescently labeled short DNA fragment containing one Tnp recognition sequence. In general, FP measures the tumbling rate, due to Brownian motion, of a population of fluorescently labeled molecules in solution between the time of fluorophore excitation and emission. Thus, when measuring Tnp-DNA binding interactions, if the percentage of DNA bound by the Tnp increases, the population of more slowly rotating Tnpbound DNA fragments increases, thereby increasing the FP value.
Comparison of the data obtained using either FP or gel shift assays to monitor Tnp-DNA binding interactions during synapsis reveals that the two assays are in good agreement with one another (Fig. 1) . In these experiments, increasing concentrations of an unlabeled DNA were added to the reaction mixture to serve as a competitive inhibitor to Tnp-labeled DNA interactions. These experiments reveal that in each assay the unlabeled DNA reduces the fraction of labeled DNA bound by Tnp within the same concentration range. The observed IC 50 values are 2.6 Ϯ 0.2 M and 5.1 Ϯ 0.4 M for data obtained from the FP and gel shift assays, respectively.
During this initial application, we screened 16,000 pharmacologically active compounds or their derivatives. From this library, 76 compounds were identified as effectors of Tnp-DNA complex assembly. Of these, 20 were identified as inhibitors in several unrelated assays and were therefore considered promiscuous and ignored. Of the remaining compounds, 39 were verified to inhibit complex assembly, as observed by gel shift assays (Fig. 2) . To further narrow the number of lead candidates and to focus our search on compounds that were specific to the Tnp/IN superfamily, we tested whether these compounds also inhibited the restriction enzyme BsmAI. This type II restric- tion enzyme recognizes a site within the Tnp recognition sequence. Any compound that inhibits BsmAI activity is thus classified a low-specificity Tnp inhibitor. Of these 39 compounds, 20 compounds did not significantly inhibit BsmAI activity. The 20 compounds that selectively inhibit Tn5 Tnp are largely aromatic, which is representative of the library as a whole, and exhibit IC 50 values ranging from 3.5 to 46 M (Fig.  2 and 3) . Within this group, several subsets of compounds appear to be structurally related. One group consists of five 
FIG. 2. Verification of Tn5
Tnp inhibition using gel shift assays. In this example, an aromatic thiourea is shown to be a modest inhibitor of Tnp-DNA complex assembly with an IC 50 of 24 M. These values are reported in Fig. 3 . The gel shift illustrates compound inhibition of Tnp-DNA complexes in a typical assay and is representative of the data collected for the graph, which was used to calculate an IC 50 for the inhibitor. The gel shifts observed at low and high inhibitor concentrations are identical to the ones observed for the DMSO only and no-Tnp control reactions, respectively. The data in this graph were obtained from multiple experiments. Each data point represents the results from at least two, typically three, independent experiments. Error is represented as the standard deviation from the fit of the data to the equation used to calculate the IC 50 .
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FIG. 3. Twenty compounds are identified that inhibit Tn5
Tnp-DNA assembly. Several substructures consisting of coumarin, benzoic acid, and cinnamoyl derivatives were identified within this group. The IC 50 values for these compounds range from 3.4 to 46 M. IC 50 values were determined from gel shift assays, similar to those shown in Fig. 2 . These data were obtained from multiple experiments. Each value represents the results from at least two, typically three, independent experiments. Error is represented as the standard deviation from the fit of the data to the equation used to calculate the IC 50 . 
In vitro inhibition of HIV-1 IN.
We found that 6 of the 20 compounds that selectively inhibit Tn5 Tnp also significantly inhibited the activity of HIV-1 IN, as observed by polyacrylamide gel electrophoresis analysis of the reaction products from in vitro integration (Fig. 4 and 5) . In an assay with 1 M HIV IN, the IC 50 values for these compounds range from 9 to 32 M. In all cases, IN inhibition is marked by a parallel decrease in the products of both the 3Ј strand processing and strand transfer reactions. Inhibition constants were therefore calculated exclusively from the inhibition of 3Ј strand processing, as these data were more quantifiable. These inhibitors can be classified into three types of structures, coumarin dimers (compounds 2 and 4), cinnamoyl derivatives (compounds 10, 14, and 18), and a chlorinated bithionol sulfoxide (compound 6).
Inhibition of HIV-1 in cells. These compounds were tested further to determine if they were effective at blocking HIV transduction (a readout for successful integration) in the absence of cytotoxicity. Compound 10, a cinnamoyl derivative, inhibits transduction with a 50% effective dose of 39 M and an at least twofold-greater 50% lethal dose (Table 1) . A search for additional commercially available cinnamoyl-containing compounds resulted in the testing of compounds 10-A through 10-G for their effects on IN in vitro activity, HIV-1 transduction, and cellular toxicity. These studies suggest that the both the ethylene linker within the cinnamoyl moiety and two functional groups located off of the central pyrrole and away from the cinnamoyl play a role in both compound efficacy and toxicity.
Three compounds (10, 10-B, and 10-F) were further tested for their effects on events in the viral life cycle both upstream and downstream of integration. Virus reverse transcripts were quantitated by real-time PCR. Under conditions in which transduction was inhibited by 75% or greater, viral DNA synthesis was either uninhibited or only inhibited to a small extent, suggesting that events up to and including reverse transcription were not affected by the compounds (Fig. 6) . To test the effect of the compounds on events after integration, including transcription and translation, and to control for effects on luciferase enzyme stability and activity, cells chronically infected with the same luciferase-encoding HIV-1 virus were assayed in parallel. As shown in Fig. 6 , the inhibitory compounds had no effect on luciferase expression in these cells. Finally, the compounds were found to have no significant effect on gross cell viability, as determined using a traditional assay for cellular metabolic activity (Fig. 6) . Together, the inhibitory effect of these compounds on Tn5 Tnp and HIV-1 IN in vitro coupled with their effect in vivo to a point in the viral life cycle postreverse transcription but upstream of transcription from the provirus suggest that the compounds are inhibiting retroviral integration.
DISCUSSION
This work provides evidence to support the use of Tn5 Tnp as a surrogate model for HIV-1 IN inhibitor development. Six compounds were identified that inhibit the activities of both Tn5 Tnp and HIV-1 IN, yet they do not inhibit the restriction enzyme BsmAI. In addition, these compounds were not identified as hits in any other screen used at the facility, including other FP assays, and it should be noted that for compounds tested, inhibition of Tnp synapsis reactions were not affected by the addition of an excess of unlabeled plasmid to chase away any potential inhibition due to nonspecific DNA-compound interactions (data not shown). Thus, the most likely conclusion is that these compounds are not interacting with the DNA but with a region along the protein conserved between Tnp and IN and not BsmAI. These compounds were originally identified as inhibitors of Tnp complex assembly and are likely inhibiting IN-DNA interactions as well, providing some of the first evidence that both coumarins and cinnamoyl IN inhibitors target this step of the integration mechanism. It has been suggested that IN inhibitors, which target complex assembly, are undesirable because several compounds found to inhibit IN-DNA interactions were shown to be ineffective at inhibiting viral preintegration complexes (20) . However, we identified three compounds that inhibit IN in vitro which also inhibit Tnp assembly and HIV-1 infection in cells at a point in the viral life cycle consistent with inhibition of integration (compounds 10, 10-B, and 10-F).
These compounds contain a cinnamoyl moiety attached to a central pyrrole. This cinnamoyl lacks the pharmacophoric aromatic ring hydroxlyations previously described for cinnamoyl inhibitors (1, 8) . These previously reported nonhydroxylated cinnamoyls inhibit IN with IC 50 s in the low micromolar range, which approaches the concentration of Tnp and IN in our in vitro assays, 0.8 and 1.0 M, respectively. Thus, although these IC 50 values appear modest, even a very potent inhibitor would not inhibit at a much lower concentration in our assays, since inhibition at stoichiometric levels would occur in the low M range. This is best illustrated by the fact that cold unlabeled DNA, which serves as a competitive inhibitor, exhibits an IC 50 of 5.1 M in our gel shift assay.
Disruption of the cinnamoyl moiety through the removal of the ethylene group (Table 1, compound 10-A) increases cytotoxicity and impedes its efficacy as an IN inhibitor, suggesting that this moiety is important for inhibition. Interestingly, two reactive groups, a ketone and an adjacent enol, form a diketolike motif within the central pyrrole. This is reminiscent of the diketo moiety found in diketo acids, another extensively described class of IN inhibitors (24) . This diketo-like motif is also found in 5ClTEP. In fact, the 5ClTEP IN cocrystal structure revealed that this moiety forms a hydrogen bond with E152 of the IN DDE motif (21) . Thus, the activity we observe could stem, in part, from this diketo-like moiety.
However, it is likely that neither the cinnamoyl nor the central pyrrole is the exclusive pharmacophore for these compounds because two additional groups attached to the central pyrrole also have an impact on inhibition (Table 1) . Furthermore, it is worth noting that compound 10-F partially inhibits BsmAI activity (data not shown), suggesting that although this compound appears to inhibit HIV transduction, it may lack the desired specificity, a phenomenon previously reported for some cinnamoyl derivatives (35) . Future studies should therefore involve the identification of related structures that enhance inhibition and specificity without increasing toxicity. Additionally, we measured compound efficacy against in vivo Tn5 transposition and determined that none of these compounds had a significant inhibitory effect on transposition in vivo (data not shown). This may stem from poor uptake of these compounds in a bacterial cell culture, and further analysis of inhibition of in vivo transposition should aim at improving the delivery of these compounds into bacteria.
In addition, we found several compounds that appear to represent novel inhibitor classes for this superfamily. Five thiazol derivatives (compounds 5, 11, 14, 18, and 19) were identified as Tnp inhibitors, two of which inhibit both Tn5 Tnp and HIV-1 IN (compounds 14 and 18). It is noteworthy that the keto group, in combination with the benzene ring and linker, forms a cinnamoyl variant in four of the five thiazol derivatives (compound 5) (Fig. 3) . For three of these compounds (compounds 5, 11, and 14) the cinnamoyl is trapped in a configuration not previously reported for IN inhibitors, so it remains unclear whether this moiety is the functioning pharmacophore in these compounds. In addition, several benzoic acids were (29, 43) . Our results provide the first evidence that coumarins inhibit Tn5 Tnp, indicating that coumarins are interacting with a conserved region of these proteins. Both this work and previous reports find that potent IN inhibition is limited to coumarins containing large moieties attached to the phenyl linker (43) . However, all five coumarins identified in this screen inhibit Tn5 Tnp at the same approximate concentration, suggesting that the coumarin dimer interacts with a region conserved in both proteins and that the moieties attached to the phenyl linker may interact with a nonconserved region of HIV-1 IN. Modeling coumarin binding using this information could further aid in deciphering the nature of these interactions and in developing more effective coumarin derivatives that specifically inhibit a diverse range of related drug targets.
Our work thus illustrates that Tn5 is suited as a model for the development of therapeutic agents against HIV-1. Approaches have been reported for both HIV-1 reverse transcription and virus-induced translational frameshifting utilizing components of HIV-1 in alternate systems (23, 33) . To identify novel HIV-1 reverse transcription inhibitors, a hybrid Ty1/ HIV-1 element was generated, replacing the Ty1 reverse transcription region with that of HIV-1 for use in an inhibitor screen, whereas to study HIV-1-induced translational frameshifting, the HIV-1 Ϫ1 frameshift signal was introduced as a transgene in Saccharomyces cerevisiae. Both assays serve to aid in identifying and characterizing inhibitors by targeting pieces of HIV-1 in alternate systems, and it is our hope that our approach utilizing a surrogate protein will serve to harness the power of the Tn5 structural data for the development of improved therapeutics for an alternate step in the viral life cycle.
In conclusion, the success of using Tn5 transposase as a surrogate for finding HIV-1 inhibitors suggests that similar surrogates can be used for other protein superfamilies. This would facilitate the use of simpler screens and the use of the best available structural data for inhibitor screening and development. This also alerts one to the possibility of undesirable cross activity with other members of the same superfamily of proteins. In this case, such cross-reactivity could occur with the RAG proteins. These proteins are involved in DNA cleavage during immunoglobulin gene formation and have a catalytic mechanism and, presumably, structure similar to both transposase and retroviral integrases (39) .
